Introduction
Denitrification, that is, the stepwise reduction of nitrate to molecular nitrogen, represents an important branch of the global biogeochemical nitrogen cycle. In the second step of denitrification, nitrite is reduced to nitrogen monoxide by either one of two structurally unrelated nitrite reductases [1] . Many denitrifying bacteria produce the so-called cytochrome cd 1 nitrite reductase (NirS). This enzyme contains two different tetrapyrrole cofactors, a covalently attached heme c and a noncovalently bound heme d 1 [2] . During nitrite reduction, the heme c serves as the initial electron acceptor for the required electron, whereas the heme d 1 represents the active site of NirS responsible for binding and reducing nitrite [3] . Structurally, heme d 1 is a unique tetrapyrrole with the central core of an isobacteriochlorin with two unusual keto functions in pyrrole rings A and B and an acrylate side chain attached to pyrrole ring D (Fig. 1) [4] .
The biosynthesis of heme d 1 is only partly understood. Like all naturally occurring tetrapyrroles, heme d 1 is derived from uroporphyrinogen III [5] . Several of the enzymatic steps leading from this precursor to the final cofactor were elucidated within the last decade (Fig. 1) . First, the S-adenosyl-L-methionine (SAM)-dependent methyltransferase NirE catalyzes the methylation of uroporphyrinogen III to yield precorrin-2 [6] [7] [8] . This intermediate is then oxidized to sirohydrochlorin by the enzyme precorrin-2 dehydrogenase. Sirohydrochlorin is subsequently converted to siroheme by the insertion of iron into the macrocycle catalyzed by sirohydrochlorin ferrochelatase. In some organisms such as the nondenitrifier Escherichia coli, the trifunctional enzyme CysG catalyzes all three reactions converting uroporphyrinogen III to siroheme [9] . Uroporphyrinogen III is transformed into precorrin-2 by SAMdependent methylation catalyzed by NirE. The subsequent oxidation to sirohydrochlorin (not shown) and iron insertion yielding siroheme may be catalyzed by the multifunctional enzyme CysG. The siroheme decarboxylase NirDLGH is responsible for the formation of DDSH. NirJ was proposed to catalyze the removal of the propionate groups and the introduction of the keto functions on rings A and B. This has not been demonstrated experimentally, so far. Finally, NirN introduces the double bond of the acrylate side chain on ring D yielding heme d 1 . (B) In many denitrifying bacteria, such as P. aeruginosa or D. shibae, the genes encoding the cytochrome cd 1 nitrite reductase (nirS) and its electron donor (nirC) are colocalized with the genes encoding the heme d 1 biosynthesis enzymes (nirE, nirDLGH, nirJ, nirF, nirN) in an operon structure (nir-operon).
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In denitrifying, heme d 1 -synthesizing bacteria, CysG might also be the enzyme responsible for the conversion of precorrin-2 to siroheme (Fig. 1) . Next, siroheme decarboxylase NirDLGH catalyzes the decarboxylation of the two acetate side chains on pyrrole rings C and D to the corresponding methyl groups of 12,18-didecarboxysiroheme (DDSH) [10, 11] . In the following, the propionate side chains on rings A and B have to be removed and replaced by oxygen to yield the keto functions of dihydro-heme d 1 . The enzyme NirJ was proposed to catalyze this transformation [5, 12] . However, so far this has not been shown experimentally. Finally, NirN catalyzes the last step of heme d 1 biosynthesis, namely the formation of the acrylate side chain on ring D [13] . In many denitrifying bacteria, the genes encoding the heme d 1 biosynthesis enzymes are located together in the genome forming an operon structure, the so-called nir-operon (Fig. 1 ) [14] [15] [16] .
From the above it is obvious that there is a major gap in our knowledge of the heme d 1 biosynthesis route, namely the understanding of the chemically challenging removal of two propionate groups and their replacement by keto functions. As already mentioned, NirJ is assumed to be responsible for this reaction. NirJ is a member of the Radical SAM enzyme family [12, 17] . Accordingly, the amino acid sequence of NirJ exhibits the characteristic cysteine motif CX 3 CX 2 C common to almost all Radical SAM enzymes (Fig. 2) . The three cysteine residues of this motif are the ligands for a [4Fe-4S] cluster that binds SAM via its fourth noncysteine-coordinated iron ion [18] . Radical SAM enzymes usually utilize this cofactor composition in order to reductively cleave the SAM and generate a 5 0 -deoxyadenosyl radical (DOA˙). The highly reactive DOA˙then abstracts a hydrogen atom from the substrate to form a substrate radical, which can undergo further transformations specific for each Radical SAM enzyme [19] . In many cases 5 0 -deoxyadenosine (DOA) is released as a final reaction product. In addition to the N-terminal CX 3 CX 2 C cysteine motif required for the binding of the Radical SAM cluster, NirJ also contains a second, C-terminal cysteine-rich region (Fig. 2) [12]. The conserved cysteine residues of the motif CX 2 CX 5 CX [20] [21] C might coordinate a second, auxiliary iron-sulfur cluster. There are several examples of Radical SAM enzymes containing one or more auxiliary clusters in addition to their Radical SAM cluster. Depending on the enzyme, the auxiliary clusters can fulfill a function inter alia in electron transfer or substrate binding [20] . The enzymes AhbC and AhbD involved in the siroheme-dependent heme biosynthesis pathway in archaea and sulfate-reducing bacteria are close relatives of NirJ and possess the Fig. 2 . Cysteine-rich amino acid sequence motifs of NirJ and Radical SAM enzymes of the SPASM subfamily. Amino acid sequence alignment of the N-and C-terminal cysteine-rich motifs of NirJ from D. shibae (D.sh.) and P. aeruginosa (P.ae.) with the corresponding regions of the alternative heme biosynthesis enzyme C (AhbC) from Methanosarcina barkeri, the mycofactocin biosynthesis enzyme C (MftC) from Mycobacterium tuberculosis, the pyrroloquinoline quinone biosynthesis enzyme E (PqqE) from Methylobacterium extorquens, the anaerobic sulfatase-maturating enzyme (anSME) from Clostridium perfringens and the subtilosin A biosynthesis enzyme AlbA from Bacillus subtilis. Blue boxes highlight the highly conserved regions with the characteristic cysteine residues (bold). / = histidine or tyrosine. The alignment was calculated with Clustal Omega [49, 50] . same C-terminal CX 2 CX 5 CX 20-21 C motif [21] . AhbD indeed carries an auxiliary [4Fe-4S] cluster that is potentially required for electron transfer [21, 22] .
So far, NirJ was initially characterized in terms of iron-sulfur cluster content and SAM cleavage. It was shown by EPR spectroscopy that NirJ from Paracoccus pantotrophus contains at least one [4Fe-4S] cluster. Moreover, in the same study the formation of an organic radical was observed upon incubation of dithionite reduced NirJ with SAM. Although the radical signal was weak, it was tentatively assigned as DOA˙based on experiments employing deuterated SAM [12] . Despite this initial characterization of NirJ as a Radical SAM enzyme, its function during heme d 1 biosynthesis remained unresolved. Therefore, the aim of the present study was to identify the reaction that is catalyzed by NirJ. We show that NirJ contains not only one but two iron-sulfur clusters. NirJ tightly binds its substrate DDSH and can be purified as an enzyme/substrate complex. Furthermore, the purified enzyme catalyzes the removal of the propionate side chains on pyrrole rings A and B of DDSH with concomitant SAM cleavage and DOA formation.
Results and Discussion

NirJ contains two iron-sulfur clusters
Recombinant NirJ from Dinoroseobacter shibae carrying a C-terminal His 6 -tag was produced in E. coli BL21(DE3) and purified by immobilized metal ion affinity chromatography (IMAC). The obtained NirJ solution exhibited a light brown color and the UV/Vis absorption spectrum of the purified protein showed the typical absorption features of [4Fe-4S] clusters with a broad maximum at~410 nm (Fig. 3) . The determination of the iron and sulfide contents revealed the presence of 4.1 AE 1.4 mol iron and 4.3 AE 1.8 mol sulfide per mol NirJ. These values suggested that NirJ from D. shibae binds at least one [4Fe-4S] cluster as previously reported for NirJ from P. pantotrophus [12] . In order to test the hypothesis that NirJ carries two [4Fe-4S] clusters, a chemical iron-sulfur cluster reconstitution was performed. After reconstitution, NirJ exhibited a more intense brown color and contained 6.2 AE 1.2 mol iron and 7.2 AE 1.1 mol sulfide per mol protein supporting the presence of a second iron-sulfur cluster.
We suspected that the potential second iron-sulfur cluster of NirJ might be coordinated by the cysteine residues of the C-terminal CX 2 CX 5 CX 21 C motif. In order to further address the question whether there was indeed a second iron-sulfur cluster in NirJ, enzyme variants were generated in which one of the iron-sulfur clusters should be deleted while the other was still intact. For the deletion of the Radical SAM cluster, cysteine to alanine exchanges were introduced into the first cluster-binding motif (AX 3 AX 2 A). For the deletion of the putative second cluster, the potential second cluster-binding motif was modified by either single or multiple cysteine to alanine exchanges (AX 2 CX 5 CX 21 C, CX 2 CX 5 CX 21 A, AX 2 AX 5 AX 21 C, AX 2 AX 5 AX 21 A) by site-directed mutagenesis of the nirJ gene. The NirJ variants were produced and purified in a similar manner as the wild-type protein.
Unfortunately, amino acid exchanges within the Cterminal cysteine motif, either single or multiple cysteine exchanges, led to a lower production and enhanced insolubility of NirJ. Thus, the NirJ variant lacking the potential C-terminal iron-sulfur cluster could not be obtained. In contrast, the NirJ variant lacking the N-terminal Radical SAM cluster (NirJ-CM, CM stands for cluster mutant) could be purified. The corresponding protein solution exhibited a light brown color. The UV/Vis absorption spectra of NirJ-CM, as isolated and after chemical reconstitution, showed the absorption features of [4Fe-4S] clusters, although less intense compared to the wild-type NirJ (Fig. 3) . For NirJ-CM, the iron and sulfide quantitation directly after purification revealed the presence of only half the amount of iron (2.1 AE 0.2) and sulfide (1.6 AE 1.0) per enzyme compared to the wild-type NirJ (as isolated). After cluster reconstitution, the iron and sulfide contents of NirJ-CM were almost identical to those of wild-type NirJ, most likely due to unspecific FeS. Nevertheless, these results show that NirJ contains a second iron-sulfur cluster, most likely a [4Fe-4S] cluster, in addition to the N-terminal Radical SAM cluster.
Thus, NirJ also belongs to the subfamily of Radical SAM enzymes possessing an auxiliary cluster [20] . Indeed, the C-terminal cysteine motif of NirJ from D. shibae exactly matches the sequence of the cysteine residues coordinating the second auxiliary cluster (Aux II) of the anaerobic sulfatase-maturating enzyme (anSME) from Clostridium perfringens [23] (Fig. 2) . This enzyme is one of the founding members of the recently described SPASM subfamily (TIGR04085) of Radical SAM enzymes, which are characterized by a C-terminal extension binding two auxiliary [4Fe-4S] clusters [24, 25] . However, although NirJ possesses all four cysteines for the ligation of the Aux II cluster, the presence of which was suggested in this study, NirJ lacks the cysteines required for binding the Aux I cluster of SPASM enzymes. Therefore, NirJ might represent a subclass within the SPASM subfamily [25] . At present, the role of the auxiliary cluster in NirJ is not known. At least, the cluster seems to be important for the overall structural integrity of the enzyme, since its deletion led to the production of an insoluble protein, although this is most likely not its only function. The roles of additional iron-sulfur clusters in Radical SAM enzymes (SPASM and non-SPASM) are quite diverse. In some cases they serve as a source of sulfur, in others they are required for substrate binding or for electron transfer [26, 27] . For anSMEs, which catalyze a dehydrogenation reaction, an electron transfer function was proposed for the auxiliary clusters [28] . If NirJ is indeed responsible for the introduction of the keto functions, this might proceed via an intermediate carrying hydroxyl groups (see below) and, thus, would represent a dehydrogenation reaction. In this case, the auxiliary cluster of NirJ might also play a role in electron transfer as proposed for anSME and the Radical SAM dehydrogenase BtrN [29, 30] .
NirJ catalyzes the cleavage of SAM
In order to test whether the reconstituted iron-sulfur clusters in NirJ were functional, we performed an in vitro enzyme activity assay focusing on the SAM cleavage activity of NirJ. For this purpose, NirJ or NirJ-CM were incubated with SAM in the presence of the reducing agent sodium dithionite (DT) and the reaction products were analyzed by high-performance liquid chromatography with UV-detection (HPLC-UV) (Fig. 4) . These experiments revealed that reconstituted NirJ from D. shibae is able to cleave SAM into methionine and DOA˙, which is quenched by an unspecific hydrogen atom abstraction from the solvent or the protein in the absence of the actual tetrapyrrole substrate, finally yielding DOA. This catalytic property was also observed for NirJ from P. pantotrophus [12] . However, in the absence of the actual tetrapyrrole substrate, the SAM cleavage activity of NirJ is rather low with only 19 lM DOA formed after overnight incubation in an assay mixture containing 40 lM NirJ. Several control reactions further showed that the enzymatic SAM cleavage does not take place without the electron donor DT, and that DOA is not formed in the absence of NirJ either with or without DT. As expected, for the variant NirJ-CM no SAM cleavage was observed (not shown), since the N-terminal Radical SAM cluster responsible for the SAM cleavage reaction was not present in this variant. . All reaction mixtures, except the reference substances in (A), were incubated as indicated and treated as described in the methods section. The elution of SAM and DOA was followed by recording the absorption at 260 nm. *SAM decomposition product, **SAM decomposition product in the presence of DT, both not further characterized.
Copurification of NirJ with its substrate and reaction products
Although Brindley et al.
[12] and we (this study) showed that NirJ acts as a Radical SAM enzyme, the experimental evidence for the actual activity of NirJ during heme d 1 biosynthesis was still lacking. Therefore, the main goal of this study was to establish an enzyme activity assay for NirJ with DDSH as the substrate. For this purpose, the substrate was produced enzymatically in vivo by using an E. coli strain producing the recombinant enzymes CysG from E. coli and NirDLGH from P. aeruginosa. In this strain, the trifunctional CysG catalyzed the transformation of uroporphyrinogen III to siroheme and NirDLGH converted siroheme to DDSH, which accumulated in the cells [11, 31] . For the in vitro NirJ activity assay, purified and chemically reconstituted NirJ was incubated with SAM, DT, and a crude cell free extract of the DDSH-containing E. coli cells as the source of the tetrapyrrole substrate. After incubation of the reaction mixture, the tetrapyrroles were extracted and analyzed by HPLC-UV. However, no conversion of DDSH into a new product was observed, although several different reaction conditions (temperature, time) and electron donors (DT, ferredoxin, or flavodoxin) were tested (not shown).
Since these initial NirJ activity assays were unsuccessful, we tested another strategy in order to identify the reaction product synthesized by NirJ. Previously, it was observed for several enzymes of cobalamin and coenzyme F 430 biosynthesis that their reaction products remained tightly bound within the protein, if the next enzyme of the pathway was missing. Thus, the respective recombinant proteins could be purified by affinity chromatography together with their reaction products, which were subsequently identified [32] [33] [34] . Here, we employed the same strategy for NirJ. For this purpose, His 6 -tagged NirJ was coproduced in E. coli together with CysG and NirDLGH (both not tagged) necessary for the synthesis of DDSH. Then, NirJ was isolated from these cells by IMAC. The purified protein exhibited a brown-greenish color and the UV/Vis spectrum showed absorption maxima at 396 and 589 nm, likely originating from a bound tetrapyrrole (Fig. 5) . The same experiment was also done with the variant NirJ-CM. In this case, the isolated protein also contained a tetrapyrrole as judged by its browngreenish color and the UV/Vis absorption spectrum, which was identical to the one of the wild-type NirJ (Fig. 5) . Apparently, the Radical SAM cluster, which was lacking in this enzyme variant, is not required for tetrapyrrole binding. Subsequently, the enzyme-bound tetrapyrroles were extracted with ethyl acetate and analyzed by HPLC-UV, HPLC-electrospray ionization (ESI)-mass spectrometry (MS) and flow injectionhigh resolution (HR)-ESI-MS. Both enzymes, NirJ and NirJ-CM mainly contained DDSH, which eluted from the HPLC column at about 18-19 min (Fig. 6) . HR-ESI-MS analysis revealed an m/z = 824.2002 HPLC-UV analysis of the tetrapyrroles copurified with wild-type NirJ and (B) with the variant NirJ-CM. The elution of the tetrapyrroles was followed by recording the absorption at 388 nm. The identity of the tetrapyrroles was verified by HPLC-ESI-MS and HR-ESI-MS (Fig. 7) . DDSH, 12,18-didecarboxysiroheme; I, intermediate after removal of one propionate group; P, product after removal of two propionate groups.
corresponding to the mass of the dilactone of DDSH (calculated m/z = 824.1987), which forms during the extraction under aerobic conditions as described previously [6, 35] . So far, it was only hypothesized that NirJ utilizes DDSH as its substrate. Now, the copurification of NirJ together with DDSH provided the first experimental evidence for this hypothesis.
For the enzyme variant NirJ-CM, the substrate DDSH was the only tetrapyrrole copurified together with the protein. However, wild-type NirJ contained two more tetrapyrroles eluting at about 25 and 32 min from the HPLC column, which were tentatively assigned as reaction intermediate (I) and product (P), respectively (Fig. 6) . HR-ESI-MS analysis revealed an m/z = 752.1788 for I, and m/z = 680.1577 for P (Fig. 7) . The differences in the corresponding masses from these signals with regard to the mass of the DDSH dilactone are 72 and 144 Da and can be explained by the loss of one (I) or two (P) propionate side chains, respectively. Again, the observed signals correspond to the masses of the dilactone forms of the proposed reaction intermediate and product, and the isotopic patterns of the experimental mass spectra are in good agreement with the simulated spectra of these molecules (Fig. 7) . Altogether, these results showed that NirJ tightly binds its substrate DDSH independent of the presence of the Radical SAM cluster. Moreover, wild-type NirJ seemed to catalyze, at least to a certain extent, the removal of one or two propionate side chains in vivo with the reaction intermediate and product remaining bound to the enzyme. However, the amount of formed I and P varied from one experiment to another and was quite low compared to the amount of the substrate DDSH still bound to NirJ. One possible explanation for the lack of a complete turnover in vivo might be the heterologous system. The recombinant NirJ originates from D. shibae, but is produced in E. coli. NirJ might require a specific electron donor for the efficient reduction of the Radical SAM cluster, which is not present in E. coli. Alternatively, the supply of SAM might be limiting in vivo. Therefore, the next aim was to establish an in vitro assay containing SAM and the strong reductant DT, in which NirJ would catalyze the complete conversion of DDSH to the reaction product P.
NirJ catalyzes the removal of two propionate side chains in vitro
For the NirJ activity assay, the enzyme was purified in complex with its substrate DDSH as described above. Directly after purification, the NirJ/substrate complex was incubated with SAM and DT at room temperature in the dark and the reaction progress was followed by UV/Vis absorption spectroscopy. Additionally, samples were taken from the reaction mixture at distinct time points for HPLC-UV analysis of the tetrapyrroles and SAM cleavage products. The UV/Vis spectrum at the start of the reaction showed absorption maxima at 315 nm arising from DT and 397 and 593 nm representing the enzyme-bound tetrapyrroles (Fig. 8) . Although the absorption maximum at 593 nm remained unchanged in the course of the reaction, the maximum at 315 nm decreased with time and the absorption at 397 nm shifted by about 11 to 386 nm. The decrease in absorption at 315 nm can be explained by the consumption of the reductant DT during the reaction. The shift of the Soret band from 397 to 386 nm indicated a modification of the tetrapyrrole substrate. In order to investigate this further, the tetrapyrroles were extracted from samples withdrawn from the reaction mixture at different time points and were analyzed by HPLC-UV and HPLC-ESI-MS. For comparison, the tetrapyrrole content of the NirJ/substrate complex without added SAM and DT was also analyzed (Fig. 8) . As expected, the NirJ/substrate complex that was employed in the assay mainly contained DDSH (retention time: 17 min) and minor amounts of the intermediate I (retention time: 23 min). During the incubation of the NirJ/substrate complex with SAM and DT, the amount of DDSH steadily decreased being almost consumed after 120 min. At the same time, the amount of I remained approximately constant during the first 1.5 h of incubation before finally decreasing. The amount of the final reaction product P (retention time: 31 min) steadily increased during the incubation. The identity of the tetrapyrroles was verified by HPLC-ESI-MS. The observed signals corresponding to the masses of DDSH (824.2 Da), I (752.18 Da), and P (680.16 Da) were identical to those described above and suggested the sequential removal of one (I) and two (P) propionate side chains (Note: the proposed structures for I and P, derived from logical considerations and in agreement with the MS data, should be confirmed by NMR). When either SAM or DT were omitted from the assay mixture, the reaction did not take place (not shown). Finally, the same experiment was also done with the variant NirJ-CM/ substrate complex. In this case, the initial UV/Vis absorption spectrum did not change during the incubation with SAM and DT and there was no formation of I and P (not shown). Small amounts of uncharacterized side products (labeled with an asterisk in the HPLC-UV chromatograms) were formed in both reaction mixtures containing either wild-type or variant NirJ. A potential catalytic mechanism for the removal of the propionate side chains By using the purified enzyme/substrate complex, we were able to establish an in vitro activity assay for NirJ for the first time. The assay revealed that NirJ catalyzes the sequential removal of two propionate side chains, most likely those on pyrrole rings A and B. This reaction requires Radical SAM chemistry since it did not take place without SAM or DT in the assay mixture. Moreover, the enzyme variant NirJ-CM lacking the Radical SAM cluster required for SAM cleavage did not promote the removal of the propionate groups, although it was able to bind the substrate. A potential mechanistic scenario for the NirJ-catalyzed reaction, which serves as a hypothetical working model, is shown in Fig. 9 . From our data, it is not possible to identify which of the two propionate groups is removed first. Therefore, the reaction sequence shown in Fig. 9 is one of two possibilities. In any case, the first step consists of SAM cleavage yielding DOA˙, which then abstracts a hydrogen atom from the substrate propionate side chain (either on ring A or B) resulting in the formation of DOA and a substrate radical (DDSH˙). The propionate group might then be cleaved off as acrylic acid with concomitant formation of an intermediate radical (I˙). This radical is then quenched by an unknown mechanism. Either hydrogen abstraction from an unknown source might yield an intermediate with R = H or an alternative quenching reaction, possibly involving water or a hydroxide ion, might result in the formation of an intermediate with R = OH. Due to the formation of the lactones during the extraction of the tetrapyrroles under aerobic conditions prior to HPLC-UV and HR-ESI-MS analysis, it was not possible to distinguish between these two alternatives. Although lactone formation with R = OH seems obvious, lactonization with R = H can only occur during the acidic extraction of the tetrapyrroles under aerobic conditions and requires the oxidation of the C-H group. However, such lactone formation during the isolation of isobacteriochlorins was observed previously [36] . Yet, an alternative radical quenching reaction might be the oxidation of the radical, either by direct electron transfer to an acceptor or via the delocalization of the single electron within the system of conjugated double bonds of the tetrapyrrole macrocycle and ultimate transfer to an acceptor. In this scenario, the transiently formed and highly reactive secondary carbenium ion at C3 (or C8) could then be attacked by the neighboring acetate to yield the lactone. Therefore, the observed lactones might also represent actual pathway intermediates rather than extraction artifacts. Alternatively, the transient C3 (or C8) carbenium might react with a water or hydroxide ion (as mentioned above) to give R = OH with subsequent lactone formation. At present, there is no clear evidence at what stage the lactones are actually formed. Finally, the removal of the second propionate group to yield the reaction product P might proceed in an identical fashion as the removal of the first propionate side chain. For this, the intermediate either needs to be released and rebound in a different orientation for the second reaction or a rotation within the active site takes place.
As described above, we showed in this study that NirJ catalyzes the stepwise removal of the propionate side chains on pyrrole rings A and B, providing the first experimental evidence for the role of NirJ in heme d 1 biosynthesis. However, the originally proposed introduction of carbonyl functions after the removal of the propionate groups yielding dihydro-heme d 1 was not observed. Therefore, it remains to be established in the future, whether NirJ catalyzes this oxidative reaction step under so far unknown conditions or whether another enzyme is needed for dihydro-heme d 1 formation. A potential candidate for the follow-up reaction might be NirF. This enzyme is encoded within the nir-operon (Fig. 1) , it is essential for the formation of an active holo NirS and it is able to bind dihydroheme d 1 and heme d 1 in vitro [13, 37, 38] . However, so far no function has been assigned for NirF.
NirJ cleaves SAM concomitantly to the removal of the propionate side chains
In the potential catalytic mechanism for NirJ, DOA is formed during the initial reaction steps. There are two possibilities for the further fate of the DOA. Either it is released as a reaction product or it serves as the source of a hydrogen atom for the quenching of I˙. In the first case, one would expect the release of one molecule of DOA per propionate side chain removed. In the second case, DOA would not be released, but the DOA˙and ultimately SAM would be regenerated as is the case for other Radical SAM enzymes such as lysine-2, 3-aminomutase (LAM), spore photoproduct lyase, or 7-carboxy-7-deazaguanine synthase (QueE) [19, 39, 40] . In order to investigate the SAM cleavage catalyzed by NirJ during the in vitro assay, samples were taken from the reaction mixture at distinct time points for analysis of the SAM cleavage products. The HPLC-UV analysis revealed that the formation of DOA occurred concomitantly with the conversion of DDSH into I and P. As described above, the amount of the tetrapyrrole substrate DDSH decreased linearly within 120 min of incubation being almost completely consumed by that time point (Fig. 8) . Simultaneously, the amount of DOA rose linearly within 120 min before DOA formation leveled off (Fig. 10) . Using a DOA standard solution of known concentration, the amount of released DOA was also quantified (Fig. 10) . It was found that approximately 30 lM of DOA were present at the end of the reaction (120 min), which approximately equals the concentration of the NirJ/substrate complex in the assay. For comparison, the concentration of DOA formed in an assay without DDSH under similar reaction conditions was only 2.4 lM after 4 h of incubation.
Assuming that NirJ was completely loaded with the substrate, the result described above might imply that only one DOA˙is necessary to initiate the removal of both propionate side chains. However, one has to keep in mind that some I and P were already formed in the employed NirJ/substrate complex solution and that some NirJ molecules without bound DDSH might also be present. Furthermore, the in vitro assay employed in this study represents only a single turnover reaction. Therefore, the true stoichiometry of DOA formation with regard to the removal of the propionate side chains remains to be established in future assays in which DDSH is employed in excess over the enzyme allowing multiple turnovers.
Materials and Methods
Chemicals
All chemicals and reagents were obtained from Alpha Aesar (Karlsruhe, Germany), AppliChem (Darmstadt, Germany), Carl Roth (Karlsruhe, Germany), Rotem (Leipzig, Fig. 10 . Consumption of SAM and production of DOA during the in vitro reaction. The assay mixture contained the NirJ/substrate complex (27 lM) and 10 eq of SAM and DT. The concentrations of SAM and DOA in the reaction mixtures at different time points were determined from the corresponding HPLC-UV peak areas after calibration using SAM and DOA solutions of known concentrations. The error bars show standard deviations (n = 2).
Germany), Serva Electrophoresis (Heidelberg, Germany), Sigma Aldrich Chemie (M€ unchen, Germany), Merck (Darmstadt, Germany), or VWR (Darmstadt, Germany). DNA polymerases, restriction enzymes, and PCR requisites were purchased from New England Biolabs (Frankfurt a.M., Germany), Quiagen (Hilden, Germany), or Thermo Fisher Scientific (Waltham, MA, USA). Oligonuclotides were purchased from Metabion (Planegg/Steinkirchen, Germany). Sanger-sequencing was done by GATC Biotech (Konstanz, Germany) or Seqlab (G€ ottingen, Germany). Ninitrilotriacetic acid agarose was purchased from MachereyNagel (D€ uren, Germany).
Bacteria and plasmids
The E. coli strain DH10B was used as host for cloning and E. coli BL21(DE3) as host for protein production. The plasmid pAR8414 [41] containing cysG from E. coli was a gift from Martin Warren (University of Kent, UK).
Construction of vectors
The nirJ gene from D. shibae DFL-12
T was amplified by PCR using the forward primer: ATAT CAT ATG TTC CGG CTG AGC CAT TAT C and the reverse primer: ATAT CTC GAG GAC AAA AGC CGG CTT GGG GTC. The obtained DNA fragment was digested with the restriction enzymes NdeI and XhoI (underlined) and ligated into the appropriately digested vector pET22b(+) (NovagenMerck KGaA, Darmstadt, Germany) to yield pET22b_nirJ. This vector was used for the production of NirJ carrying a C-terminal His 6 -tag. Mutation of the first cluster-binding motif (CX 3 CX 2 C into AX 3 AX 2 A) was achieved by site-directed mutagenesis (inverse PCR method [42, 43] ) of pET22b_ nirJ yielding pET22b_nirJ1CM (reverse primer: P-GCG AAT CTC AAG GCA AAG CAT GCC TAC ACG GTC TCG GCG GAT GTG G; forward primer: P-GCG CCG CGT CAG GTT CCA GA; P = phosphate). The plasmid pACYCDuet_nirDLGH_nirJ-His contains the nirDLGH genes from P. aeruginosa PAO1 in the first multiple cloning site (MCS) and the nirJ gene fused with the coding sequence for the C-terminal His 6 -tag from pET22b_nirJ in the second MCS. For its construction, the nirDLGH genes were PCR amplified from chromosomal DNA of P. aeruginosa introducing restriction sites for EcoRI and HindIII by using the primers 05nirDLGH_ecoRI_fw: GATC GAA TTC AAT GGA CGA CCT CTC C and 06nirDLGH_hindIII_rv: GATC AAG CTT TCA GCA TGG ACG TTC. The resulting fragment was then inserted into the pACYCDuet-1 vector (Novagen-Merck KGaA) using the EcoRI and HindIII sites. The gene nirJ fused with the coding sequence for the Cterminal His 6 -tag was PCR amplified from pET22b_nirJ (forward primer as above; reverse primer: ATAT AGA TCT TCA GTG GTG GTG GTG GTG) and inserted into the second MCS of the pACYCDuet_nirDLGH vector using the restriction sites for NdeI and BglII. Finally, the coding sequence for the N-terminal His 6 -tag upstream of nirD was removed by inverse PCR mutagenesis (forward primer: P-AGC CAG GAT CCG AAT TCT ATG GAC G; reverse primer: P-GCT GCT GCC CAT GGT ATA TCT CCT T).
Production and purification of recombinant NirJ E. coli BL21(DE3) containing either plasmids pET22b_nirJ, pET22b_nirJ1CM, or plasmids pAR8414 and pACYC_ nirDLGH_nirJ-His together was cultivated at 37°C for 3 h in auto-inducing medium ZYM5052 [44] 
Determination of protein concentration
Bradford Reagent (Sigma-Aldrich) was used to determine protein concentrations according to the manufacturer's instructions using bovine serum albumin as a standard.
Iron-sulfur cluster reconstitution and determination of the iron and sulfide contents
The iron-sulfur clusters within purified NirJ were reconstituted as previously described [45] . The iron content of NirJ was determined according to Fish [46] after denaturation of the protein with 1 M perchloric acid and bathophenanthroline as the chelating reagent. The sulfide content was determined as previously described [47] .
NirJ activity assays
In order to test its SAM cleavage activity, purified and reconstituted NirJ (20-40 lM) was incubated for up to 24 h with SAM (630 lM) and DT (630 lM) at 30°C or room temperature (RT) in a total volume of 47.5 lL. The reaction was quenched by adding 2.5 lL of formic acid and mixing. The mixture was centrifuged for 10 min to remove precipitated protein and the supernatant was analyzed by HPLC. In order to test for the removal of the propionate side chains of DDSH, NirJ was copurified together with its substrate after the coproduction of NirJ with CysG and NirDLGH. The purified, DDSH-containing NirJ (15-30 lM) was incubated in the presence of 10 eq of SAM and 10 eq of DT at 25°C in the dark. The progress of the reaction was followed by UV/Vis absorption spectroscopy using a V-650 spectrophotometer (Jasco, Groß-Umstadt, Germany). At different time points, 75 lL samples were taken from the assay mixture for the analysis of SAM cleavage and 240 lL samples were withdrawn for the extraction of tetrapyrroles for subsequent HPLC analysis. The samples were immediately frozen in liquid nitrogen. For the analysis of SAM cleavage products, the HPLC samples were prepared as described above. The extraction and HPLC analysis of tetrapyrroles is described below.
Extraction of tetrapyrrole compounds
Prior to HPLC-UV and mass spectrometry analysis, the tetrapyrroles had to be extracted from the protein-containing assay mixture. The extraction was done as described before [13] . Five microliters of concentrated HCl was added to 240 lL assay mixture and 500 lL ethyl acetate was used for tetrapyrrole extraction. The tetrapyrrole-containing organic phase was evaporated, and the dried residue was dissolved in 100 lL of 40% acetonitrile (ACN) in water and centrifuged prior to HPLC analysis.
HPLC-UV analysis
HPLC-UV analysis was done at 25°C using a JASCO HPLC 2000 series system (Jasco) equipped with an MD-2015 diode array detector.
Samples for the analysis of SAM cleavage products were separated using a Hypercarb column (5 lm, 100 9 2.1 mm; Thermo Scientific) equilibrated with water/0.1% formic acid at a flow rate of 0.2 mLÁmin
À1
. After injection of 15 lL of sample, a linear gradient was run reaching 100% ACN after 25 min. The column was washed with 100% ACN for 10 min and then the initial conditions were restored. The elution of SAM and DOA was followed by recording the absorption at 260 nm.
The separation of tetrapyrroles was accomplished as described in Refs [31, 48] with slight modifications. The column was equilibrated with 80% 1 M ammonium acetate, pH 5.2 (solvent A), 10% methanol (solvent B) and 10% ACN (solvent C) at a flow rate of 0.5 mLÁmin À1 . After injection of 40 lL of sample, a gradient was run reaching 60% A, 30% B, and 10% C after 25 min and 90% B and 10% C within the next 15 min. These conditions were held for 20 min before returning to the initial conditions. The elution of tetrapyrroles was followed by recording the absorption at 388 and 400 nm.
Mass spectrometry of tetrapyrroles
The HR-MS was performed with the Q-TOF MS Impact II from Bruker Daltonics (Bremen, Germany) using ESI with nitrogen at 0.3 bar as nebulizer and 4 LÁmin À1 dry gas at 200°C. Samples were analyzed by direct introduction with a flow of 300 lLÁh À1 delivered by a syringe pump. The mass spectrometer was set to a scan range of m/z 50-3000 in positive ion mode; collision cell energy was set to 10 eV, collision cell RF to 1800 Vpp, hexapole RF to 300 Vpp, the transfer time to 95 ls, and prepulse storage time to 12 ls.
The HPLC-MS analysis of tetrapyrroles was carried out on a Bruker Esquire 3000 + ESI ion trap mass spectrometer adjusted to the scan range of m/z 200-1500 in positive ion mode; target mass was set to m/z 800. A nebulizer pressure of 60 psi and a dry gas flow of 12 LÁmin À1 (both nitrogen) and dry gas temperature of 365°C were employed during analysis. A Reprosil-Pur C18-AQ column (5 lm, 150 9 2 mm; Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, Germany) was used at a flow rate of 0.2 mLÁmin
À1
. Solvent A was 0.1% aqueous formic acid and solvent B was ACN. The column was equilibrated with 80% A and 20% B. After sample injection, these conditions were held for 35 min after which the amount of B was increased to 100% within 10 min. These conditions were held for another 10 min before returning to the initial conditions within 5 min. The elution of tetrapyrroles was followed by recording the absorption at 388 nm and by MS.
